Background and Purpose-In humans and rodents, cortical stroke can lead to cortex atrophy in long-term survivors. In the rodent, fetal brain neural precursors or stem cell-derived neurons grafted in the stroke-lesioned brain integrate successfully and reduce infarct in the short term. We have examined the fate, in the long term, of mouse embryonic stem cell-derived neural precursors grafted after permanent middle cerebral artery occlusion in mice. Methods-Green fluorescent protein-labeled neural precursors were grafted in the striatum of control and lesioned mice and their fate examined 9 months later. Results-In control mice, the neuronal progeny of mouse embryonic stem cells innervated distant brain structures, in a way remarkably similar between animals, displayed a laterality preference and remained polysialated neural cell adhesion molecule-immunoreactive. In lesioned mice, grafted cells were expelled out of the brain. Conclusions-Stroke-related brain atrophy and reshaping were not prevented by cell grafting and, eventually, led to the expulsion of the graft. (Stroke.
I n humans, cortical and thalamus atrophy were reported in long term survivor suffering cortical stroke. [1] [2] [3] [4] In rodent stroke models, permanent middle cerebral artery occlusion (MCAO) induces severe primary atrophy (cortex) and mild secondary lesions (striatum, thalamus, substantia nigra [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Fetal neurons or stem cell-derived neurons grafted in MCAO-lesioned rodent brain integrate successfully, correct behavior deficit, and reduce infarct, at least in the short-/ midterm. 15 Although cells do not survive when injected in the infarct core, 16 their inclusion in Matrigel allows short-term survival (8 weeks) . 17 The vast majority of cell therapy animal experiments in the brain are xenografts from fetal neurons or neurons derived from mouse or human embryonic stem cells and were examined in the short-term. Grafted neurons innervate distant regions of the host brain, 18 -22 although specific molecular clues can bridle long distance axon growth. [23] [24] [25] [26] [27] Using a green fluorescent protein (GFP)-expressing mouse embryonic stem cell line, 28 we have examined whether neural progeny grafted in the striatum integrate in the mouse host brain and survive long-term (9 months) after cortical stroke.
Materials and Methods

D3 Cell Neural Differentiation and Immunocytochemistry
Cells were cultured and differentiated as previously described. 28 EF1-D3-GFP mouse embryonic stem cells 28 were expanded on mouse embryonic fibroblast and plated at 50 cells/cm 2 on MS-5. At Day 5, cell colonies were trypsinized and replated (P1) at 1000 cells/cm 2 on polyornithin-coated cover slips containing Dulbecco modified Eagle medium high glucose with N2 supplement and antibiotics (Gibco-Invitrogen) and fibroblast growth factor 10 ng/mL (R&D). At Day 2.5 to 3 after P1 on MS5, cells were trypsinized and collected for grafting.
Cell cultures were fixed in 2% paraformaldehyde/Hanks' balanced salt solution and characterized by immunocytochemistry (not shown) with primary antibodies against GFP (polyclonal; Molecular Probe), Oct-4, Nestin, Musashi, NeuN, polysialated neural cell adhesion molecule (PSA-NCAM; Chemicon), ␤3-tubulin (Sigma and Covance), glial fibrillary acidic protein (Chemicon and Dako), and appropriate species-specific Alexa 488-and Alexa 555-labeled secondary antibodies. Cell nuclei were stained with 4Ј,6-diamidino-2-phenylindole.
Surgery
Two-month-old wild-type male mice of the C57BL/6 strain (25 to 30 g) from local Zootechnie breeding facility (CMU) were used in this study. Permanent distal MCAO was performed as described previously. 29, 30 The duration of surgery did not exceed 15 minutes at most and was in accordance with local guidelines for animal experiments.
Stereotaxic Engraftment and Immunohistochemistry
Forty-eight hours after MCAO, dissociated differentiated EF1-D3-GFP cells (100.000 cells/L) were injected in the striatum of anesthetized mice (Nembutal 6 mg/100 g body weight) using a 27-G Hamilton syringe. Injection coordinates for lateral striatum were: bregmaϭ0.74 mm, mediolateralϭ2.25 mm, dorsoventralϭ3.5 mm; for medial striatum: bregmaϭ0.74 mm, mediolateralϭ1.4 mm, dorsoventralϭ2.8 mm. 31 In each case, we used 10 control animals, 
Morphological and Phenotypic Analysis of Injected Surviving Cells
Anesthetized mice were fixed by intracardiac perfusion of 4% paraformaldehyde in phosphate-buffered saline. Immunohistochemical detection was performed on 30-m thick free-floating cryostat sections using Alexa 350-, 488-, or 555-labeled secondary antibodies or the biotin-avidin-peroxidase complex method (Vector). The following primary antibodies were used: GFP, Oct-4, glial fibrillary acidic protein (astrocytes) ␤3-tubullin, NeuN (neurons), Iba1 (microglia, Wako), tyrosine hydroxylase, V-Glut1, GAD-67, and VAchT. Brain sections were counterstained with 4Ј,6-diamidino-2-phenylindole or cresyl violet. Imaging was performed with a conventional fluorescence microscope (Leitz Axioskop 2 Plus) and with a LSM 510 Meta confocal laser scanner and Bitplane SS Imaris 5.7.2 software. 30 The distance of the lateral border of the striatum from the midline was measured (Leitz Axiovision 4.5 software) on coronal sections at bregma levels 1.70, 1.42, 1.10, 0.74, 0.38, 0.02, Ϫ0.46, and Ϫ0.94 mm and at 2.75 mm from the brain surface. 31 Three 11-month-old control mice from the same breeding, were used to measure the position of the lateral border of the striatum on 20-m thick unfixed, coronal frozen cryostat sections.
Results
Nine-Month-Old Striatal Grafts in Control Mice
Cells used for brain injection were GFP-immunoreactive (ϪIR) and nestin/Musashi-IR or ␤3-tubulin-IR, all cells being PSA-NCAM-IR (not shown). Cells were grafted in the lateral part of the striatum, close to the internal side of the external capsule, at the level of the lesioned cortex. Nine months later, cells in the injection site were GFP-IR neurons (NeuN-IR) and astrocytes (glial fibrillary acidic protein-IR; Figure 1A -D). No Oct4-or Nestin-IR cells nor teratoma were detected. Due to high cell density, only cells with GFP-IR, NeuN-IR, and 4Ј,6-diamidino-2-phenylindole nuclear staining (79%) were easily counted (Supplemental Figure IA-B) . Other cells were glial fibrillary acidic protein-IR, but only a few of them were also GFP-IR (Supplemental Figure IC-D) . Cells in the injection sites were mainly Gad-67-or VGlut-1-ir, few cells being tyrosine hydroxylase-IR (not shown). 
Dubois-Dauphin and Julien Chronic Cortical Stroke Expels Grafted Cells
The brain distribution of GFP-IR axons is presented in Figure 1E . Axons integrated in the host brain and had a straightforward course without stalling or wandering. The most rostral structures reached by the GFP-IR axons were the ipsilateral olfactory bulb, nucleus, and the lateral olfactory tract. The most remote structure-receiving axon from the grafted cells was the lateral entorhinal cortex.
In the medial forebrain bundle, GFP-IR axons were mixed with the nigrostriatal bundle tyrosine hydroxylase-IR axons ( Figure 1E and B: Ϫ1.06 mm). Eventually, they reached the ventral tegmental area (A10) and the substantia nigra (A9) pars compacta and reticulata ( Figure 1E and B: Ϫ3.08 mm).
Numerous GFP-IR crossed the midline dorsally and ventrally to the linear anterior commissure ( Figure 1E and B: 0.02 mm). Crossing axons reached the contralateral bed nucleus of the stria terminalis and climbed into the contralateral septum. Few axons penetrate the anterior commissure itself and none was observed in other commissural fiber tracts. We then examined the fate of this innervation in MCAO-lesioned brain.
MCAO-Lesioned Mice
In mice euthanized 3 months after MCAO, the injection site and the distribution of GFP-IR axons in the brain were similar to control mice (3 or 9 months, survival). In the graft, GFP-IR cells were mainly NeuN-IR ( Figure 2A-B) ; glial fibrillary acidic protein-IR (not shown) and GFP-IR/NeuN-IR cells were also PSA-NCAM-IR ( Figure 2C-F) . The main difference between control and 3-month lesioned mice was a bunch of GFP-IR axons surrounding the remaining temporal cortex tissue both ventrally and dorsally and from piriform, agranular insular, and granular insular cortices rostrally, to the lateral entorhinal and perirhinal cortice caudally ( Figure  3A-C) . Some axons reached the very lateral border of the lesioned tissue ( Figure 3D ). No GFP-IR cells were detected beyond the external capsule or close to the cortical injury. GFP-IR axons were also more abundant in the corpus callosum and left the tract dorsomedially to enter the ipsilateral motor and cingulate cortex ( Figure 3A and B:1.54 mm, B: 0.74 mm). Some of the axons remaining in the corpus callosum crossed the midline and reached the homologous contralateral cortex ( Figure 3A and B: 0.74 mm to B: Ϫ1.46 mm). GFP-IR axons were also abundant in the ipsilateral amygdaloid complex and in the piriform cortex ( Figure 3A and B: Ϫ1.06 mm, B: Ϫ1.46 mm). No axons or cells were detected in the posterior thalamus nuclei, a secondary target in cortical stroke. No GFP-IR cells were detected outside the striatum. Three months after MCAO, Iba1-IR cells were detected in the graft itself (Supplemental Figure IE) , in the surrounding striatum (Supplemental Figure  IF) , and in the cortical injury (Supplemental Figure IG and H) where they were mixed with glial fibrillary acidic protein-IR astrocytes (Supplemental Figure II) .
After 9 months of survival to MCAO, heightened cerebral cortex atrophy, opening of the ipsilateral ventricle, and lateral lining of the striatum were clearly in evidence on histological sections ( Figure 4A) . Surprisingly, in 4 of 5 mice, no GFP-IR cells or axons were present in the host brain ( Figure 4B ). However, in the fifth mouse, a ribbon of GFP-IR cells and axons lined the lateral edge of the striatum ( Figure 4C 
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Chronic Cortical Stroke Expels Grafted Cellssections and meanϭ2.30Ϯ0.23 mm on fixed brain sections) was evidenced from coronal cryostat sections. This shrinkage repositioned the 2.25 mm mediolateral fresh brain tissue coordinate at 1.89 mm in fixed brain tissue. Furthermore, MCAO-induced brain reshaping reduced the distance between the midline and the lateral edge of the ipsilateral striatum (linear reduction 0.87, from bregma 0.74 mm and onward). Then, the 1.89-mm coordinate was situated to the lateral edge of the ipsilateral striatum but still in the contralateral striatum ( Figure 5 ). We hypothesized that cortical atrophy and striatum reshaping resulted in disappearance of the grafted cells.
To test this hypothesis, we grafted cells in the medial aspect of the striatum. Nine months later, GFP-IR cells were in the medial aspect of the striatum in all control mice ( Figure  4D ) but in the most lateral aspect of the striatum in all lesioned mice ( Figure 4E ). After shrinkage correction, the initial 1.4-mm mediolateral coordinate was 1.18 mm standing in both striata, albeit closer to the lateral edge in the ipsilateral striatum ( Figure 5 ). Grafted cells were strongly GFP-IR and tightly grouped together. They were NeuN-or GFAP-IR (not shown). In all mice examined, surviving cells were strongly PSA-NCAM-IR ( Figure 6 ).
Discussion
Two main features arise from our work: (1) allograft survived, integrated, and innervated steadily the host brain for at least 9 months; and (2) long-term MCAO-induced brain atrophy and reshaping were not impaired by cell grafting but led to the expulsion of the graft and disappearance of the related GFP-IR innervation after an initial step of integration seen 3 months after MCAO. The progeny of differentiated GFP mouse embryonic stem cells expressed GFP up to 9 months after grafting in the brain and remained PSA-NCAM-IR. No specific innervation or migration of grafted cells toward the primary (cortex) or secondary (thalamus) infarcted regions were observed in medial-striatum grafted lesioned mice.
That axons from grafted cells venture mainly in the host hemisphere suggests that molecular clues controlling their midline crossing and traveling in the contralateral hemisphere during brain development may remain effective in the adult brain. 23, 25 Previous studies have reported that axons from grafted human or mouse fetal neurons invade the host rat brain adult or neonatal. 21, 22 Of interest was the presence of GFP-IR axons in the nigrostriatal bundle up to A10 and A9 regions. Indeed, previous works using human, porcine, or mouse fetal progenitor's engraftment in the striatum have reported the presence of graft-derived axons in A9. 18 -21,32 Because we performed chronic retro-orbital MCAO downstream the striate arteries (anterior, posterior) level, 33 the lateral striatum and the medial striatum (vascularized by the medial striate artery-anterior cerebral artery) were left untouched. However, the destruction of the corticostriatal projections could account for local changes in the striatum morphology. 34 Nine months after MCAO, the initial lateral injection coordinates is displaced on the very edge of the reshaped striatum and in 4 of 5 cases; no grafted cells remained in the brain. Those cells grafted in the medial aspect of the striatum were displaced in the most lateral aspect of the striatum suggesting that indeed brain remodeling may be incompatible with graft survival, even when grafts are not directly targeted to the lesioned cortex. Iba1-IR microglial cells were present in the graft and in the lesioned brain 3 months after MCAO but apparently had no deleterious influence on innervation 35 because at this time, graft survival and integration were not different from control mice and the cortical innervation by grafted cells was enhanced.
NCAM mediates cell-to-cell interactions or cell-toextracellular matrix adhesion. It is highly polysialated during late embryonic and early postnatal stages allowing cells or axons to interact with their neighbors. 36 PSA-NCAM can identify young, immature neurons. 37, 38 All neural cells generated from mouse embryonic stem cells were PSA-NCAM-IR at the time of grafting and in 9-month-old grafts. The high expression level of PSA-NCAM in the graft may facilitate cell mobility 39 and the expulsion of grafted cells after brain reshaping. The sharp contrast with the host brain low PSA-NCAM-IR 37, 38 signals that 9-month-old grafted cells do not reach maturity and somehow remain in an early developmental stage. Obviously, PSA-NCAM-IR in grafted stem cells is not incompatible with NeuN-IR and confirms an unachieved state of maturation. 38 Thus, grafted cells may not be able to establish a firm anchorage in the host brain despite extensive axonal growth.
Summary
Axons from grafted neurons integrate deeply in the host brain reaching structures that are not conventional striatum efferences. Thus, large grafts could lead to massive, and ultimately functional, innervations of structures not concerned by the disease. Because in situ long-term survival does not confer to grafted neurons the same degree of maturity as host neurons, a brain lesion (primary or secondary) leading ultimately to neural tissue atrophy and brain remodeling may lead to expulsion of the grafted cells. 
